Ischemic cardiovascular diseases cause a significant burden of morbidity and mortality throughout the world. Over the past decade, we have learned a tremendous amount about the biology of various stem and progenitor cells. Multiple preclinical experiments have demonstrated significant bioactivity in a wide variety of stem and progenitor cells. Early clinical trials have also shown some promising results. This review will focus on the current challenges in the translation of cell therapy to a viable clinical therapy. Additionally, we will highlight the role of cardiovascular imaging and molecular imaging in the future of stem cell therapy.
Ischemi c cardiovascular diseases are the number one cause of mortality in the United States and a major cause of morbidity and health-care use (1) . There are many medical, percutaneous, and surgical therapies that are commonly used to treat patients with cardiovascular diseases; however, a substantial portion of patients continues to develop progressive deterioration marked by ongoing end organ dysfunction, worsening symptom burden, greater functional limitation, and increasing need for hospitalization. Despite multiple effective therapies for cardiovascular diseases, the rates of congestive heart failure are increasing (2) , partly related to better treatments and increased survival for acute myocardial infarction, as well as an aging population. In addition, peripheral vascular disease continues to pose a significant problem, with limited medical therapies for relief of claudication, frequent need for multiple percutaneous and surgical treatments, and ongoing risk of amputation (3, 4) . Therefore, new therapies for ischemic cardiovascular diseases are desperately needed.
Stem cell biology has captivated the scientific community, particularly over the past decade. A wide variety of stem and progenitor cells, including adult bone marrow progenitor cells, endothelial progenitor or circulating progenitor cells, mesenchymal stem cells (MSCs), resident cardiac stem cells, and embryonic stem cells, have been shown to have bioactivity in preclinical studies and therefore hold promise for the treatment of end-stage cardiovascular diseases. Several of these types of stem cells have been tested in early-stage clinical trials. Although there remains much controversy about which cell type holds the most promise for clinical therapeutics and by what mechanism stem cells mediate a positive effect, there is some consensus that signals of bioactivity do exist, and further research should be able to answer these questions.
This review will focus on challenges to the translation of stem cell therapy into a viable clinical therapy for cardiovascular diseases. We have focused on cardiovascular diseases because several clinical trials have already been performed in this area and the challenges for translation in this area are likely applicable to other clinical situations in which stem cell therapies may provide benefit.
Currently, embryonic stem cell therapies are still in basic research phases and clinical translation will require addressing multiple significant hurdles, including potential risks of teratoma formation (5) and host immune response to allogeneic embryonic stem cells as well as ethical considerations about the source of embryonic stem cells. Induced pluripotent stem cells (reprogrammed differentiated somatic cells) are a focus of intense investigation and hold promise as a means to circumvent ethical and immunologic problems associated with embryonic stem cells. However, clinical translation of induced pluripotent stem cells will require addressing the risk of tumor and teratoma formation and the use of lentiviral or retroviral vectors for gene transfer in order to induce pluripotency (6) . Because lentiviral and retroviral gene transfer is associated with insertional mutagenesis and malignant transformation (7) , nonintegrating viral or nonviral methods to achieve induced pluripotency will likely be necessary before translation to human diseases can be considered (8) (9) (10) . Adult, autologous stem cells, including bone marrow-derived progenitor cells, circulating progenitor cells, MSCs, resident cardiac progenitor cells, and skeletal myoblasts, have already been tested in early-phase clinical trials in humans or are currently being examined in clinical trials. Therefore, we will focus on adult, autologous progenitor cells that have been tested in clinical trials in our discussion of ongoing and future challenges to the translation of stem cell therapy.
SELECTED CLINICAL TRIALS OF STEM CELL THERAPY FOR CARDIOVASCULAR DISEASES
Several clinical trials have been conducted with various types of stem cells, different cell preparation and delivery methods, and varying clinical conditions. Interpretation of these studies requires careful attention to these variables and to clinical endpoints, control treatments, and other aspects of clinical trial design.
Bone Marrow Progenitor Cells
The bone marrow has been extensively studied as a model of stem cell biology because the hematopoietic system must regenerate cells continuously throughout the lifetime of an organism. The idea that the bone marrow contained progenitor cells that could differentiate into cardiac cell types was first introduced in 2001 (11, 12) . Since then, an intense debate has raged on whether bone marrow-derived cells can differentiate into cardiac cell types (13, 14) . It appears that some of the benefit noted in preclinical models is likely a result of paracrine effects, that is, factors secreted by bone marrow-derived progenitor cells that have beneficial effects on the resident cardiac cells (15) (16) (17) . It seems likely that bone marrow-derived progenitor cells may provide clinical benefit for patients with cardiovascular diseases through multiple mechanisms.
Several studies have assessed the therapeutic safety and efficacy of autologous bone marrow for treatment of acute myocardial infarction (18) (19) (20) and remote myocardial infarction (21) . These studies used an intracoronary delivery method. In general, intracoronary autologous bone marrow cell therapy for acute myocardial infarction has resulted in a statistically significant improvement in ejection fraction, compared with control treatment (22) .
Further reports of these randomized controlled trials have provided insights into mechanisms of benefit and subpopulations that may derive greater benefit. An intracoronary Doppler substudy of the REPAIR-AMI trial demonstrated that coronary flow reserve was significantly increased at 4 mo in infarct arteries treated with bone marrow-derived progenitor cells versus placebo (23) . This study provides evidence of repair of the microvasculature with bone marrow-derived progenitor cell therapy after acute myocardial infarction. A small cardiac MRI substudy of the same trial demonstrated trends toward improved ejection fraction and reduced adverse remodeling with bone marrow-derived progenitor cells, compared with placebo (24) . The improvement in ejection fraction was greater and statistically significant among patients with baseline ejection fraction less than median (median ejection fraction, 48.9%), suggesting greater benefit in patients with larger myocardial infarctions and worse initial left ventricular function.
Circulating Progenitor Cells
The presence of bone marrow-derived circulating endothelial progenitor cells was first demonstrated by Asahara et al. (25) . This finding revolutionized the concept of neovascularization by postulating that in addition to vessel wall endothelial cells, bone marrow-derived circulating progenitor cells participate in blood vessel growth, maintenance, and repair.
As an alternative to bone marrow progenitor cells, mobilized peripheral blood progenitor cells may provide a more accessible and feasible source for autologous stem cell therapies. Stem cells can be mobilized from bone marrow niches with cytokines such as granulocyte colony-stimulating factor or with newer agents such as plerixafor (Mobozil [Genzyme]; also known as AMD3100). Circulating progenitor cells can then be collected through leukapheresis. This process is already used for collection of hematopoietic stem cells for transplantation after chemotherapy or radiation-induced bone marrow ablation.
This approach was used for collection of CD341 circulating progenitor cells to test their efficacy and safety in patients with chronic angina. After granulocyte colony-stimulating factor mobilization, leukapheresis, and CD341 cell enrichment, CD341 progenitor cells were delivered into ischemic but viable territories via intramyocardial injections guided by a percutaneous 3-dimensional electromechanical mapping and navigation system (NOGA; Biologic Delivery Systems) (26) . In this phase I study, early evidence of feasibility was provided and endpoints such as angina frequency and exercise time showed a trend toward benefit with CD341 cell therapy. A larger phase II study has been completed and was presented at the American College of Cardiology 2009 meeting. These results showed significant increases in exercise time and reduction in angina frequency.
MSCs
MSCs are multipotent stromal cells found in bone marrow, adipose tissue, umbilical cord blood, and other tissues. MSCs have been shown to have antiinflammatory and antiapoptotic properties, as well as proangiogenic effects via paracrine mechanisms (27) . Their immunomodulatory properties have raised the possibility of using allogeneic MSCs as an ''off-theshelf'' treatment, potentially avoiding the cell procurement and ex vivo culture systems that are often used for autologous stem cell treatments. However, the extent of in vivo immune tolerance is controversial (28, 29) , and the effect of allogeneic MSCs in humans will have to be determined with clinical trials. Both allogeneic and autologous MSCs are currently being tested in clinical trials for patients with cardiovascular diseases. A recent report of a phase I, placebo-controlled, randomized, double-blinded trial of intravenous allogeneic MSCs for patients with acute myocardial infarction demonstrated safety and efficacy in some endpoints (30) .
Resident Cardiac Stem Cells
Although the human heart has long been thought to be a postmitotic organ, recent investigations have shown that (32) . Cardiac stem cells have been isolated from endomyocardial tissue biopsies and then were expanded ex vivo in a culture system (33) (34) (35) . Culture-expanded cardiac stem cells are now being tested in a clinical trial for patients with ischemic cardiomyopathy (Clinical Trials.gov identifiers NCT00474461 and NCT00893360). (36, 37) . Skeletal myoblasts have been tested in several phase 1 clinical trials. In addition, they were tested in the phase II Myoblast Autologous Grafting in Ischemic Cardiomyopathy (MAGIC) clinical trial that enrolled patients with ischemic cardiomyopathy who had an indication for coronary artery bypass grafting. A muscle biopsy was initially performed, followed by ex vivo culture expansion of myoblasts for 3 wk, and then injection of treatments at the time of cardiac surgery. This study did not find a significant improvement in left ventricular systolic function as determined by echocardiography, although the high-dose myoblast group had a significant decrease in left ventricular volumes, compared with the placebo group. Earlier studies had raised the possibility that skeletal myoblasts may be proarrythmic (38) . Although the MAGIC study did not find a statistically significant increase in arrhythmic events, many of the patients were prophylactically treated with amiodarone and the number of arrhythmic events was higher in myoblast-treated patients than in control patients.
Skeletal Myoblasts
Adult mammalian skeletal muscle contains resident stem cells called satellite cells that are normally quiescent but can differentiate to myoblasts after muscle injury or stress and mediate skeletal muscle repair. Skeletal myoblasts can be obtained from muscle biopsy specimens and expanding ex vivo in-culture systems and have been demonstrated to have bioactivity for repair of myocardial injury in preclinical models
CHALLENGES FOR TRANSLATION
Although these early clinical trials have established an acceptable safety profile for adult, autologous stem cells and some evidence of efficacy, they have also identified ongoing challenges to translation. At a scientific level, these challenges include decreased cell viability and function in the hostile ischemic tissue environment, poor cell retention in the target tissue, and controversy over the mechanism of action. In addition, various stem cell types and methods of cell delivery have not been definitively compared in head-tohead comparisons. From a clinical trial viewpoint, the challenges include application of stem cell technologies to end-stage or ''no-option'' patient populations with many years of disease processes and multiple comorbidities that could limit the efficacy of stem cell therapies. Additionally, clinical trial design with appropriate endpoint selection remains challenging in certain cases. Many trials have used surrogate endpoints such as ejection fraction, perfusion measured by SPECT, or exercise treadmill time. Ejection fraction measured by echocardiogram is a rough estimate of overall left ventricular function and may not be sensitive enough to detect a true biologic effect of stem cell therapy. Likewise, SPECT may lack sensitivity to detect local angiogenesis. Endpoints such as exercise treadmill time have significant variability (39) and are subject to placebo effect.
Tracking Cell Fate
Multiple imaging techniques have been used to address the question of cell fate and cell retention in the target tissue. In preclinical studies, b-galactosidase, green fluorescent protein, luciferase, and sex-mismatched cells have been used to track the transplanted cells and determine their location and fate after cell therapy. Compared with histologic techniques, the use of bioluminescence imaging to track cell fate has the advantage of requiring cell viability in order to produce the luciferase enzyme, as well as the advantage of being a noninvasive imaging method that can be assessed at multiple time points (Fig. 1) .
The ability to label and track stem cells in humans would provide a method to answer some of the ongoing controversies in the field. A safe, noninvasive, and repeatable imaging modality that could identify injected stem cells would be able to answer questions about cell viability and retention in future clinical trials of stem cell therapies, as well as provide the ability to adjust the assessment of bioactivity on the basis of actual delivered doses of cells.
One method to track transplanted stem cells involves cellular uptake of superparamagnetic iron oxide particles and detection by MRI. This method has been used in several preclinical studies of stem cell therapies; however, it was recently noted that inflammatory cells can phagocytose the iron oxide particles after the transplanted cells die, thereby causing an overestimation of the true survival of the transplanted cells (40, 41) . In addition to iron oxide particles, gadolinium chelates can be taken up by cells and used for MRI detection. The major clinical limitation of using cardiac MRI to detect labeled stem cells is that cardiomyopathy patients are a major target for these therapies and often have implantable cardioverter-defibrillators.
Radionuclide imaging with either SPECT or PET can also be applied for cell tracking. Cells can be incubated with radioisotopes, and a high degree of cellular uptake has been demonstrated. However, the short half-life of most radioisotopes would prevent serial imaging at later time points, and there are concerns about possible toxicity to the stem cells from the radioisotope (42) . In addition, reporter genes for PET and SPECT have been tested in preclinical models (5, 43) . This approach involves transfecting stem cells to express a particular reporter gene that allows for specific expression or uptake of the imaging agent.
Imaging Endpoints in Clinical Trials
Another area in which imaging technologies can help surmount challenges in translation is clinical trial endpoints.
Traditional endpoints in cell therapy clinical trials for myocardial infarction or heart failure have been either ejection fraction determined by echocardiogram or perfusion measured by SPECT. As discussed earlier, these imaging technologies and endpoints have several limitations. Newer imaging techniques such as cardiac MRI and PET may serve as more sensitive and accurate imaging endpoints. In addition to ejection fraction, cardiac MRI would allow for more accurate determination of left ventricular dimensions, as well as infarct size and change in infarct size over time. Both cardiac MRI and PET can be used to measure absolute perfusion (44, 45) . This may provide an advantage over the relative perfusion offered by SPECT and may allow for a more exact determination of changes in perfusion after stem cell therapies (Fig. 2) .
Molecular Imaging
Molecular imaging may provide a more tailored method of evaluating stem cell therapies. Recent studies have demonstrated that it is possible to specifically image neovascularization (46, 47) .
If a reproducible measure of neovascularization could be developed, proof-of-concept studies with fewer human subjects could be performed before further development of an investigational agent. This would address some of the inherent differences between preclinical models and clinical situations in which stem cell therapy may be applied by providing early evidence of bioactivity in humans.
In addition, a reproducible, noninvasive measure of neovascularization would allow for finding the appropriate dose in early-phase clinical studies. Currently, doses for cell therapy strategies are based largely on preclinical studies, with extrapolation from animal models to humans. Traditional metrics used in the early development of pharmaceuticals such as absorption, distribution, metabolism, and elimination are not applicable to cell therapy. The ability to measure neovascularization in humans would allow for more accurate phase I dose-finding studies and progression to phase II studies with a more fundamental understanding of appropriate dosing.
Biomaterials and Cellular Microenvironment
In addition to imaging applications, molecular tools may also be used to improve the efficacy of stem cell therapies. One major area of difficulty is low cell retention in target tissues and low cell survival. Multiple studies have demonstrated low numbers of transplanted cells in target tissues after a few weeks (48, 49) . By providing a method for cell retention and trophic signals that can increase cell survival, biomaterials may be able to address both limitations. Recent work in nanomaterials has led to synthesis of peptide amphiphiles expressing specific epitopes that provide biofunctionality (50) . These biomaterials were shown to support stem cell function and increase cell retention in preclinical models.
CONCLUSION
In the last decade, stem cell biology has developed rapidly. The idea of repairing the damaged heart has moved from a fantasy to a reality as many types of stem cells have been tested in preclinical studies and in clinical trials for patients with cardiovascular diseases. The results from these early clinical trials have demonstrated a good safety record and evidence of efficacy. They have also pointed out the challenges that will have to be surmounted for stem cell therapies to be translated into a viable option for patients with cardiovascular diseases. These ongoing challenges can be addressed with innovative preclinical studies and clinical trials involving iterative feedback between these 2 stages of investigation. Imaging technologies and molecular imaging will also help to address some ongoing controversies in the field. Biomaterials may be able to increase cell retention and viability. In summary, the first phase of development of adult, autologous stem cell therapies for cardiovascular diseases has identified successes and ongoing challenges. It is hoped that the next phase of development will surmount these challenges and move this promising new strategy closer to translation into a viable treatment for patients with cardiovascular diseases.
